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Abstract
The influence factors for the coal and gas outburst can be divided into two categories. They are external factors and 
internal factors, respectively. The external factors include in-seam gas pressure, geological structure and so on, while 
the internal factors are mainly the coal characteristics themselves. Currently, researchers have already agreed that the 
in-seam gas pressure and the geological structure are two very important factors to induce the propensity of the coal 
and gas outburst. Generally, the higher in-seam gas pressure and the more complicated geological structures are, the 
greater risk of the coal and gas outburst is. However, it is still unknown that the relationships between coal 
characteristics and the potential risk outburst, especially the microstructure of coal. In this paper, the mercury 
intrusion method and the Langmuir isotherm adsorption method are used to study the coal fractal characteristics. By 
comparing the relationships between the fractal dimension and outburst feature parameters based on various coal 
samples, the experimental results show that the fractal dimension D1 has a negative correlation with the coal strength 
while the fractal dimension D2 has also a negative correlation with the gas releasing speed. Based on the results, a 
new index” δ”, which is the mathematical difference of the driving force and resistance of the outburst, is proposed to 
predict the coal and gas outburst propensity. It also could be served as a new tool in managing the coal mine safety.
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1. Introduction
The theory and application of the fractal geometry have experienced a great development since the 
French mathematicians Mandelbrot introduced the concept of fractal in 1967. In 1986 he gave the 
definition of fractal [1]: “The fractal is a part of shape, but is also similar to the entire shape in some way.” 
If strictly stating from the mathematical point, fractal is the set of F which has following typical properties: 
1) F is a fine structure and has any details with any scales.
2) F is too irregular to use any traditional geometrical languages to describe its parts or the whole.
3) Generally, F has self-similarity properties, but only under the approximate or statistical conditions. 
4) Usually, the fractal dimension number of F is greater than its topological dimension number with 
defined by a certain way.
5) F can be defined by using a very simple way in most interesting cases, and it may be also generated 
by iterations.
Bale and Schmidt firstly applied the fractal geometry theory into the research of the coal microscopic 
pore structure, and they created a new research direction. Generally, Hausdorff dimension is used to 
describe the coal micropore surface fractal dimension. Over the years, a number of methods are developed 
to determine the coal micropore surface fractal dimension, they include [2] gas adsorption method, mercury 
intrusion method, small angle X-ray scattering method, small angle neutron scattering method, etc.
2. Research Methodologies
In order to make results more accurately, two different models are conducted in this research effort, 
they are described as follows:
2.1. Mercury intrusion method
The principle of mercury intrusion method is based on the capillary phenomenon, mercury has no 
wetting ability with respect to the coal, and therefore, mercury can enter into the coal pores only under the 
condition of the external pressure to overcome the surface tension. On the other hand, Washburn equation 
shows that there is a relationship between the external pressure (p) and the pore radius(r).
p∝1/r (1)
The pore volume (V) and the pore radius(r) also have the following relationship, 
V∝r3-D (2)
Where D is the fractal dimension 
After differential transformation, the previous can be written as 
log(dV/dr)∝(2-D)logr (3)
Hence, the equation of the external pressure (p) with respect to the pore volume(V) Can be expressed 
as 
log(dV/dp)∝(D-4)logp (4)
or
V=A+BpD-3 (5)
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The fractal dimension D can be calculated from the pressure(p) and the pore volume(V) recorded 
during the mercury intrusion experiment. 
2.2. Langmuir adsorption method
Langmuir isothermal adsorption equation was proposed by Langmuir based on his experimental data 
of low-pressure gas adsorbed for the metal and corresponding kinetic analysis:  
bp
abp
Q
+
=
1
(6)
Where:  Q is adsorption volume, cm3·g-1;    
a is saturated adsorption volume, cm3·g-1; 
b is adsorption constant, MPa-1;   
p is equilibrium pressure, MPa;
Although the applicability of the Langmuir isothermal adsorption equation in researching the coal and 
gas was testified by many later researchers [3], Xu [4] considered that the adsorbent used by Langmuir was 
metal powder when he measured the adsorption rate. The adsorbent’s surface is smooth and uniform, 
therefore, none effect is induced by the pore structure. However, coal’s micropore surface has fractal 
features, and fractal dimension (D) is a key parameter to describe the degree of rules of pores. Thus, he 
recommended the following corrected Langmuir isothermal adsorption equation when coal is used as the
adsorbent.
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3. Coal Fractal dimension 
Coal pores can be classified by their function, shape, connectivity, and pore size, etc[5]. Due to the 
limits of the experiment, the coal pore size in this research is classified as : micro-pore(<10nm), asco-
pore(10~100nm), meso-pore(100~1000nm)and macro-pore(>1000nm).
Testing coal samples are from K7,K8 and K9 coal seams in XiongDa coal mine,C5 coal seam in 
TengDa coal mine, No. 3# seam in TunLiu coal mine, No. 10# seam in LiuDong coal mine, and ,B3 coal 
seam in DaYuanchun. Figure 1 shows the pore size distribution for all samples. It can be seen that the 
pore size distribution of coal samples looks like “U” shape. This indicates coal pores have the trend of 
gathering towards two ends. Therefore, the fractal characteristics of coal should be divided into two 
sections.
3.1. Data processing in mercury intrusion method 
The mercury intrusion method can handle up to 207Mpa pressure and can also record the pores size 
distribution from 6 to 1.8×105nm. According to the experimental data, the scatter diagram on log(dV/dp)-
logp is plotted in Figure 2 (Due to the length of paper limits, only, TunLiu(3#) and XiongDa(K8) are 
listed here). Obviously, there is a breaking point in the figure 2, and the corresponding pore range is 
between 100 and 400nm. This indicates that the macroporous and microporous of coal have different 
fractal features. This result agrees with Figure 1. Defining the fractal dimension D1 (Before breaking 
point) and D2 (After breaking point), table1 shows the fitting results by using the equation V=A+Bp
D-3 for 
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various coal samples. It can be found that all the values of D1 and D2 are larger than 3 which is nothing in 
mathematics, but can be considered as resulting from the compressibility of coal [6].
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3.2. Data Processing in Langmuir adsorption method
One of the basic assumptions of applying the Langmuir adsorption method is that the gas is absorbed 
in the monolayer state to the solid surface. According to the previous reports, the multilayer adsorption 
are often took place when the pores are below 2~3 nm. Therefore, comparing the 6nm which is the 
minimum diameter measured in the mercury intrusion method, more accurate fractal characteristic results 
for the micro-pore segment can be reflected by using the fractal dimension D3 calculated from the 
corrected Langmuir equation. Table1 shows the calculation results for all coal samples.
Table 1. The fractal dimension of the coal samples and the value of outburst feature parameters
coal samples D1 D2 D3 △P F
LiuDong(10#) 3.2011 3.8093 2.1573 6.15 0.5
DaYuancun(B3) 3.5337 3.6264 2.1026 30.5 0.27
XiongDa(K7) 3.2995 3.8723 2.116 15.2 0.58
XiongDa(K9) 3.2286 3.8105 2.1901 20.5 0.79
XiongDa(K8) 3.2155 3.8905 2.0377 13.5 0.63
TengDa(C5) 3.1526 3.7884 2.1323 29.8 1.38
TunLiu(3#) 3.1826 3.8923 2.0363 18.9 0.67
4. Results Analysis
It can be seen that D1 has a negative relationship with respect to F from the table 1. In order to 
determine this relationship easily, D1 and 1/F are plotted in the figure 3. It is clear to see that D1 and 1/F 
have the same trend. The fractal dimension D1 was calculated by fitting the mercury experimental data 
with pressure from 0.05 to 5MPa which are corresponding to the aperture within the range of meso-pore 
and macro-pore. Hence, it can be said that the coal structural strength is low when the coal has rich meso-
pores or macro-pores, this agrees with the Liu [7]’s findings.
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The fractal dimension D2 was calculated by fitting the mercury experimental data with pressure from 
27 to 207MPa, which are corresponding to the aperture within the range of asco-pores and micro-pores. 
The asco-pore and micro-pore belong to the adsorption pores. They play important roles in the gas 
adsorption process. Therefore, D2 has the same meaning with D3 obtained from the corrected Langmuir 
isotherm equation. In following, we will study the relationships between D2, D3 and the gas releasing 
speed.
The gas will enter into the coal fracture system by the ordered following three ways: Knudsen-type 
diffusion, transition-type diffusion and Fick-type diffusion. The separation of gas adsorption is a transient 
process [8], thus, it does not affect the gas releasing speed. The gas releasing speed depends on the 
proportion for each diffusion model. Fortunately, type of diffusion model could be determined by the 
Knudsen number. When Kn≥10, it is Fick -type diffusion; when Kn ≤ 0.1, it is Knudsen -type diffusion, 
and when 10> Kn> 0.1, it is transit diffusion.
λ
d
Kn = (8)
Where: d is the average diameter of pores; λ is the average free path of gas molecules
The average free path of the methane molecule is 50nm at the normal temperature and pressure, and 
the corresponding upper aperture limit of the transit diffusion type is 500nm. However, according to 
Figure 4, the average free path of methane molecule decreases with increasing the pressure. Generally,
the in-seam gas pressure is often several or even dozens of standard atmospheric pressure. For example, 
when the pressure is 0.74Mpa (gas outburst threshold pressure) at normal temperature, the average free 
path of the methane molecule is 10nm, and the corresponding upper aperture limit of the transit diffusion 
type is 100nm, Therefore, it can be said that the Knudsen diffusion and the transition diffusion are two 
main diffusion types for the adsorption pores (micro-pore and asco-pore). It is well known that the 
resistance of Knudsen diffusion and transition diffusion are larger than that of the Fick diffusion. 
Therefore, theoretically, fractal dimension D2 and D3 can express the gas releasing speed, and have a 
negative relationship with diffusion speed. According to comparing △P (initial speed of methane 
diffusion) and 1/D trend lines in Figure 5, the fractal dimension D2 obtained from mercury intrusion tests 
have a good negative correlation with △P. This result also agrees with Sun’s [9]. But there is no obvious 
correlation between fractal dimension D3 and the gas releasing speed. The reasons are analyzed as follows:
1 The corrected Langmuir equation is only an empirical formula derived by Xu et al, it has not been 
validated by a mount of practical cases. Hence, the accuracy of D3 from this equation is still needed to 
discuss.
2 Although the D3 can handle down to 6nm or smaller pore, gas adsorption is correlated with many 
influence factors, such as pore characteristics, coal rank, carbon content and so on[10]. The gas releasing 
speed is mainly control by the diffusion, and is only correlated with characteristics of pore itself.
Therefore, it is more scientific to use D2 when identify the relationship between fractal dimension and the 
gas releasing speed. 
The mechanism of the coal and gas outburst is still unknown until now. However, most scholars agree 
that the mechanical is the reciprocally comprehensive results from various factors including geological
stress, gas pressure, and the mechanical properties of coal and so on. The process of outburst can be 
described that the coal body firstly is destroyed by the geological stress, the gas is released from the coal 
body and also crush the coal body itself, then, the fractured coal pieces are thrown out of the coal surface, 
finally, the peak of pressure are forced passing into the inner coal body, and keeping to destroy the coal 
body [11]. The whole process is controlled by two aspects which are the powers (Gas pressure P, initial gas 
releasing speed △P,etc) and the resistances (coal strength, coal body damaging type, etc.). However, the 
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relationship between these two aspects is not just simple a mathematical operation, it is complicated to 
take all factors into account. In this research effort, the factors of outburst are expressed by fractal 
dimension D1, and D2. The advantage of using fractal dimension is good for converting different 
dimension indexes into dimensionless ones. Based on previous research reports, it can be summarized 
that if the outburst power is greater than the resistance, outburst may occur and vice versa. Therefore, a 
new index “δ” is introduced in this paper. The index “δ” can be expressed as the following equation:
δ=D1D2/(D1-D2) (9)
The meaning of δ is the mathematical difference between the driving force and the resistance. Small δ 
indicates the risk of outburst is large. 
Figure 4.  The relationship between pressure and average free path of methane molecules in room temperature
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5. Conclusions
1 The coal pores distribution is roughly like “U” shape. Therefore, that cause the coal fractal 
characteristic has multi-section property. 
2 The fractal dimension D1 and D2 have good negative correlations with the coal strength, and the gas 
releasing speed, respectively.
3 A new index “δ” is introduced which can be used to predict the risk of the coal and gas outburst.
The experimental works demonstrate that the coal fractal characteristic is a good tool for identifying 
the relationship between coal microscopic characteristics and the risk of the outburst. It can be used as 
supplemental tool to predict the outburst risk. However, it needs more study to quantitative analyze fractal 
characteristics which correspond the threshold of outburst, and this particularly requires a lot of coal 
samples from the outburst scene to reference. The δ is a rough formula under the assumption of 0.74MPa 
gas pressure. In practical applications, the D2 is needed to be modified according to the real in-seam gas 
pressure. Theoretically, the completed equation for δ should include D1, modified D2 and the geological 
fractal dimension D4.
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